Activating mutations in the epidermal growth factor receptor (EGFR) tyrosine kinase are frequently found in many cancers. It has been suggested that changes in the equilibrium between its active and inactive conformations are linked to its oncogenic potential. Here, we quantify the effects of some of the most common single (L858R and T790M) and double (T790M-L858R) oncogenic mutations on the conformational free-energy landscape of the EGFR kinase domain by using massive molecular dynamics simulations together with parallel tempering, metadynamics, and one of the best force-fields available. Whereas the wild-type EGFR catalytic domain monomer is mostly found in an inactive conformation, our results show a clear shift toward the active conformation for all of the mutants. The L858R mutation stabilizes the active conformation at the expense of the inactive conformation and rigidifies the αC-helix. The T790M gatekeeper mutant favors activation by stabilizing a hydrophobic cluster. Finally, T790M with L858R shows a significant positive epistasis effect. This combination not only stabilizes the active conformation, but in nontrivial ways changes the free-energy landscape lowering the transition barriers.
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conformational changes | resistance-causing mutations T he epidermal growth factor receptor (EGFR) is one of the most studied members of the receptor tyrosine kinases family due to its central role in many cellular pathways and its importance as a drug target (1) . Activating mutations of EGFR are common in human malignancies (2) , where they are implicated in the cellular survival, proliferation, and migration, and are the oncogenic drivers in glioblastoma and nonsmall-cell lung cancer (NSCLC) (3, 4) .
Structurally, EGFR is composed of a cell-surface receptor, a transmembrane region, and an intracellular catalytic domain. The activation of the enzyme is triggered by binding of the EGF ligand on the extracellular domain, which induces dimerization of the receptors (5) . During activation, an asymmetric dimer is formed in which the C lobe of the catalytic domain playing the "activator" interacts with the N lobe of the "receiver" domain, promoting and stabilizing the active conformation of the latter (6) (7) (8) . The mechanism of activation bears some resemblance to that of cyclin-dependent kinase 2 (CDK2), which is activated by cyclin A (9). The catalytic domain (CD) of EGFR assumes a fold that is common to most protein kinases (10) . It consists of a smaller N-terminal lobe, containing mostly β-sheets, and an α-helical C-terminal lobe. The ATP binding cleft is at the interface between the lobes. Kinase activation is mainly controlled by conformational changes in three conserved structural motifs close to the active site: the activation loop (A loop), the AspPhe-Gly (DFG) motif, and the αC-helix (Fig. 1) . The active state conformation is characterized by an extended conformation of the A loop and the presence of a hairpin in its N-terminal region. The αC-helix assumes an "in" conformation, which is kept in place by a salt bridge formed by E762 and K745 (Fig. 1) . Crystal structures of EGFR have revealed an inactive conformation similar to the one observed in Src tyrosine kinase ("Src-like" inactive conformation), in which a short α-helix is formed in the A loop, making an autoinhibitory interaction with a shifted αC-helix (6, 11) .
Many somatic mutations of the CD of EGFR have clinical importance due to their activating or drug-resistance effects. The L858R mutation (also referred to as L834R; see Materials and Methods for residue numbering conventions) is the most common oncogenic mutation in the EGFR kinase domain (12, 13) and one of the most observed kinase mutations in human cancers (2, 14) . It is found in a significant subset of patients with NSCLC (4, (15) (16) (17) . L858R is activating; the mutant shows a 20-50-fold increase in the catalytic efficiency with respect to wild-type (WT) EGFR (6, 18) . Two contrasting activation mechanisms have been proposed for this mutation. The first, based on the comparison of WT and mutant crystal structures, posits that the L858R mutation locks the kinase in the active state because it prevents residue 858, and flanking residues, from forming the helical conformation typical of the inactive state (18) . The second mechanism, based on observations of microsecond-long molecular dynamics trajectories, proposes that L858R acts by reducing the intrinsic disorder in the αC-helix located in the N lobe of the "receiver" kinase. This in turn would favor dimerization and indirectly stabilize the active conformation (19) .
Two L858R-selective, ATP-competitive tyrosine kinase inhibitors (TKIs), erlotinib and gefitinib (16, 20) , are in clinical use (18) . In the case of gefitinib, its selectivity for the mutant might be the consequence of increased affinity of the drug, which binds to an active-like conformation, combined with decreased affinity of ATP (21, 22) . However, the conformational selectivity of EGFR inhibitors has been recently questioned, when erlotinib was found to also bind to the inactive EGFR CD conformation (23) .
An additional problem is the emergence of drug-resistance mutations. One of the most frequent resistance mutations is the T790M, in which the so-called "gatekeeper" threonine at position 790 is mutated to methionine (17, 24) . This mutation was first thought to reduce the affinity to the drugs due to a sterical clash in the drug binding site (17) . However, Yun et al. showed that both the single-mutant T790M and the double-mutant L858R-T790M maintain the same low nanomolar affinity to gefitinib as the L858R mutant does (21) . In contrast, the T790M mutation confers a higher affinity to ATP than L858R mutant so that the combined mutation L858R-T790M results in an activated enzyme resistant to ATPcompetitive TKIs (25) . What is more, there are several lines of evidence showing that L858R and T790M have a positive epistasis effect (14) .
Although the biological effects of these important mutations are clear, a mechanistic explanation linking the mutations to changes in the conformational free-energy landscape is still missing. Thanks to the advances in force fields (26) and the use of specialized computer architectures (27) or enhanced sampling methods (28, 29) , it is now possible to use all-atom molecular dynamics (MD) simulations to accurately describe the complex conformational transitions involved in kinase activation. With standard MD and specialized computer hardware, events on the microsecond (at most millisecond) timescale can be sampled, without the need of any a priori knowledge of the relevant reaction coordinates (19) . Thus, they are useful to observe unexpected events, but cannot be used to obtain statistically converged populations of high-in-energy secondary conformations. With enhanced sampling methods, such as metadynamics (29, 30) , there is no limit on the timescales that can be sampled, but some a priori knowledge of the reaction coordinates is usually needed (30) . This need is less stringent when enhanced sampling methods are combined with a multiple-replica approach, as in the case of the parallel-tempering metadynamics simulations approach (PTmetaD) (28, 31) . Indeed, it has been shown that PT-metaD is able to converge very complex conformational free-energy surfaces of kinases as a function of a few relevant variables (32, 33) .
To elucidate the structural and dynamical consequences of the L858R and T790M mutations on the catalytic domain of EGFR and their synergistic interaction, here we performed extensive PT-metaD simulations of WT-EGFR, three oncogenic mutants: L858R, T790M, and T790M-L858R, and a control mutant, L858I. The total sampling time for each system was at least 3.7 μs, leading to well-converged free-energy surfaces.
Results
We have obtained converged free-energy surfaces (FESs) of the activation of the EGFR catalytic domain and of three EGFR oncogenic mutants ( Fig. 2 and Fig. S1 ). Converged conformational FESs have been obtained for these systems with a fully atomistic explicit-solvent force field. In Fig. 2 we show the FES projected along the first two collective variables (CVs), CV1 and CV2, for the four systems. CV1 is defined as the difference between the distances of the two salt-bridge-forming couples: K745:E762 and K745:D855. When both salt bridges are formed, CV1 is close to 0. This CV is able to characterize the displacement of the functionally important glutamic acid E762 located in the αC-helix of the N lobe in its transition from the so-called "αC-in" to the "αC-out" conformation. The use of CV2 allows for a broad characterization of the A-loop conformations (Materials and Methods). It measures the displacement of the heavy atoms of the A loop from the Src-like inactive conformation (Fig. 1, Right) . When its value is close to 0, the A loop assumes a conformation similar to that found in the Src-like inactive structure. Values larger than 0.7 correspond to open A-loop conformations as in the active state. In-between values of 0.4-0.5 are also observed and will be referred to as "semiclosed" conformations.
WT. The deepest free-energy minimum of WT-EGFR (Fig. 2) corresponds to the autoinhibited conformation where the A loop is folded and forms a short helix at its N-terminal end and the E762 residue of the αC-helix is rotated out of the catalytic site (αC-out) as in the inactive Src-like state (Fig. 1) . This inactive conformation is found both in Src-family kinases (34) and cyclin-dependent kinases (CDKs) (35) . Notably, there are other less-populated states, with higher free energy (2-4 kcal/mol), corresponding to inactive structures (αC-out) where the αC-helix is deformed and the A loop is semiclosed. The disordered αC-helix basin is characterized by a large deformation of the αC-helix in which only two turns are maintained, whereas the others are disordered (Fig. S2) . In the semiclosed basin the αG-helix is surprisingly far from its usual position and interacts both with the P-loop and the C-terminal region of the A loop (Fig. S2) . The ensemble of states found in this basin seems to correspond to the intermediate "extended" structures described in ref. 36 . The transition from the semiclosed to the inactive state proceeds by local unfolding or "cracking" (37) . Finally, in agreement with previous proposals (19, 36) , we find that the active conformation of WT-EGFR, in the absence of ATP, is energetically unfavorable and infrequently sampled.
In contrast to the WT, all of the mutants populate to some extent the active conformation. Moreover, the investigated oncogenic mutations alter the free-energy landscape in a global way. Surprisingly, they generate new minima in different locations of the FES and alter the barriers between the minima. L858R Mutant. The L858R mutation changes the conformational free-energy landscape. The disordered states seen in the case of WT-EGFR have disappeared. The most stable state of L858R corresponds to an ensemble of structures which are in between the active and inactive conformation (Fig. 2) . The glutamic acid 762 is on average 0.5 nm closer to the catalytic site compared with WT-EGFR, but the salt bridge with lysine 745 is never formed as in the fully active conformation. The A loop assumes a semiclosed conformation where neither the short helix nor the hairpin at the N terminal end is stable. The observed changes are mainly due to the interactions that the positively charged R858 engages with the three negatively charged residues of the αC-helix. As shown in Fig. 3 , R858 makes a salt bridge with the negatively charged glutamic acids 758 and 762 or with the aspartic acid 761, strongly stabilizing the αC-helix. At the same time, these favorable interactions prevent the formation of the short helical turn at the N-terminal region of the A loop (residues 858-862) that is typical of the inactive conformations (18) . In contrast with WT-EGFR, the fully active state is populated (L858R, Fig. 2) , albeit it has a thermodynamic penalty (2-4 kcal/ mol) with respect to the inactive state. At variance with the structures of the active L858R mutant crystallized in the presence of different inhibitors (18) , the side chain of arginine 858 is found either completely exposed to the solvent or interacting with the aspartate 831 of the DFG motif. The electrostatic interactions involving R858 have also been observed in microsecond-long MD simulations (19) .
Altogether, the effect of the L858R mutation is twofold: on one hand it destabilizes the inactive conformation; on the other it stabilizes the αC-helix structure. The stabilization of the α-helix Free energy surface of wild-type EGFR and the three mutants as a function of CV1 (y axis) in nm and CV2 (x axis) in arbitrary units. A cross indicates the global free energy minimum for which a representative structure is shown below. Each minimum is also named according to the corresponding main feature. The contour lines are drawn every 2 kcal/mol. In the structures below the free energy surfaces the αC-helix is shown in red, the A-loop in yellow and the P-loop in green. The distances between K745:E762 and K745:D855, whose difference constitute CV1, are displayed with a dashed yellow line.
A B Fig. 3 . Close-up of two possible conformations of the L858R mutant in its main free energy minimum. The R858 forms salt bridge interactions with either A) D761 and E762 or B) E758 and E762.
structure is expected to favor the formation of the dimer by decreasing the entropic penalty associated with the ordering of the disordered interface observed in the WT-EGFR monomer (7, 19) .
L858I Mutant. Given the significant effect of the L858R mutation on the conformational free-energy landscape, we wondered what would be the effect of a "neutral" mutation at the same position. We have chosen L858I for two reasons. First, from a physicochemical viewpoint the properties of isoleucine are similar to those of leucine. Second, this specific mutation is not reported among the cancer samples in the Catalogue of Somatic Mutations (COSMIC) database (13) . Of the 5,556 EGFR L858 mutations currently reported in the database, L858R, with 5,541 instances, is the most common. However, many other mutations such as L858M, L858P, L858A, L858Q, L858K, L858W, L858V, and L858G are found in at least one case. Because L858I is not found in the database, we expect it either to be neutral or inactivating. The L858I FES is reported in Fig. S3 . As expected, it is very similar to the WT FES. The most populated energy basin corresponds to the inactive structure, in agreement with the expected inactivating effect.
T790M Mutant. In the case of the gatekeeper T790M mutant, the change in the FES is more dramatic and the equilibrium is shifted toward the active conformation (Fig. 2) . The substitution of the threonine with a methionine stabilizes the active conformation by favoring the formation of a hydrophobic cluster around the phenylalanine F856 of the DFG motif. The cluster involves M790, F856, the methionine M766 in the αC-helix, and other residues of the regulatory spine (38) . The M790-M766 distance is on average much shorter in the mutant than the corresponding T790-M766 distance in the WT-EGFR (0.5 ± 0.1 nm vs. 0.9 ± 0.2 nm, respectively). Interestingly, a basin where the αC-helix is disordered is also populated. Conformations in this basin show a deformed αC-helix and the broken salt bridge E762:K745 (Fig. S2) . We do not observe the aspartate D858 of the DFG motif pointing outside of the catalytic site (DFG-out) as proposed in ref. 21 . However, we have not explored the effect of protonation of the Asp of the DFG, which might stabilize the DFG-out form (36, 39) .
T790M-L858R Mutant. The double-mutant T790M-L858R retains some of the features of the single mutants L858R and T790M, but shows also some characteristics hinting at a synergistic effect of the combined mutations. In particular, the αC-in conformation is very stable (CV1 in the interval ½−0:25; 0:25 nm) and only a small barrier (<2 kcal/mol) is present for the opening of the A loop, which thus exhibits a greater flexibility populating both the active and the semiclosed basins (Fig. 2) . The global effect is to significantly stabilize the fully active state and to lower the freeenergy barriers for the A-loop transition between the semiclosed and the fully extended structure. Some inactive conformations are still sampled and correspond to structures in which the αC-helix is distorted (Fig. S2) .
Discussion
In contrast with other tyrosine kinases, the active state of the WT-EGFR CD monomer is rarely visited (40) . This is in agreement with both its low catalytic activity (6) and the behavior observed in very long MD simulations (19, 36) . Conformations in which the αC-helix is partially disrupted correspond to local minima. Because the αC-helix is at the dimer interface, its disorder could affect the stability of the dimer (19) . In the L858R mutant, the substitution of the hydrophobic leucine residue in the A loop, with the positively charged arginine, creates new possibilities for the charged residues of the αC helix to interact. This mutation was first proposed to act by destabilizing the inactive conformation of the A loop, favoring the active conformation (6, 18) . More recently, Shan et al. proposed an indirect mechanism whereby the mutation reduces the disorder in the αC-helix region, thus favoring dimerization (19). Our observations reconcile both views. We observe a dual effect. On one hand, the inactive state is disfavored due to the destabilization of the inactive-like short α-helix of the A loop. The fully active conformation that, in the absence of ATP, is unfavorable for the WT EGFR, appears as a stable secondary minimum in L858R. On the other hand, the αC-helix is stabilized by a cluster of salt bridges, suppressing the disordered states of WT-EGFR. Both the change in the relative stability of the active vs. the inactive state and the suppression of disorder at the interface, which favors the formation of the dimer, seem to play a role in the activation of L858R. The global effect is to shift the balance toward the active state and favor the formation of the asymmetric dimer.
In agreement with recent proposals (21), the gatekeeper T790M mutant does not seem to act by steric hindrance with the ATPcompetitive inhibitors, but rather by stabilizing the active conformation. In this case the methionine participates in the hydrophobic core surrounding the active site. In particular, interacting with M766 of the αC-helix it promotes a more compact active site, with a closer helix, favoring the αC-in conformation. These results agree with the enhanced stabilization of the catalytic site observed when comparing the collective motions of the WT and mutant kinase domain (41) . However, the T790M mutant does not suppress the disorder at the dimerization interface, and it is not expected to favor formation of the dimer. This observation might explain the greater frequency of L858R with respect to the T790M mutation in cancer patients.
In light of the present results, we can fully rationalize and quantify the epistatic effect due to the combination of the two mutations. As proposed in ref. 14, the total stabilization of the active state by the double mutations is more than that expected from a simple combination of the stabilization by the two single mutations. However, the effect is not limited to the relative stability of the active and inactive states, but it reshapes the free-energy landscape in a complex manner. Indeed, the combination of the two mutations in the T790M-L858R double mutant not only has the activating and rigidifying effects of the two single mutations, but it also lowers the free-energy barrier of the active-inactive transition of the A loop and stabilizes the correct helical structure of the αC-helix. In the T790M-L858R mutant the αC-helix and the E762:K745 salt bridge are stable. Thus, the conformation adopted by the A loop determines the balance between the active and the inactive form.
The complex changes seen in the conformational free-energy landscapes of the mutants are due both to local changes in the network of electrostatic and hydrophobic interactions and to long-range allosteric couplings. This nontrivial knowledge not only reconciles the observed differences of the mutants with the WT, but can also be used to devise new strategies for the development of TKIs less susceptible to resistance.
Materials and Methods
Protein Structures and Protein Data Bank. The Protein Data Bank (PDB) codes used for the active and inactive WT-EGFR structures are 2GS2 and 2GS7, respectively, and the used sequence comprises the interval L703-Q976 in our notation, L679-Q952 in the PDB notation. The amino acid numbering convention adopted here includes the 24-residue membrane targeting signaling sequence. Mutants and missing residues were modeled with MODELER (42).
Simulation Details. The MD simulations were performed using GROMACS 4.5 (43) with the PLUMED plug-in (44) for Metadynamics calculations. Each system is described by the Amber99SB*-ILDN force field (45) with the dihedral corrections of Best and Hummer (46) , solvated with tip3p water molecules (47) and enclosed in a dodecahedron box with periodic boundary conditions. The van der Waals interactions were smoothly shifted to zero between 0.8 and 1.0 nm; the long-range electrostatic interactions were calculated by the particle mesh Ewald algorithm (48) , with mesh spaced 0.12 nm, combined with a switch function for the direct space between 0.8 and 1.0 nm for better energy conservation. The system evolves in the canonical ensemble, coupled Fig. S4 for further details). All six replicas are subject to the well-tempered metadynamics prescription in which a Gaussian is deposited in the collective variable space every 2 ps with height W = W 0 e −V ðs,tÞ=ðf −1ÞT , where W 0 =5 kJ/mol is the initial height, T is the temperature of the replica, f = 10 is the bias factor, and V(s,t) is the bias potential at time t and CV value s. The following three collective variables are used: the difference between atomic distances CV1 = dðN γ Þ m , where r γ is the contact distance in the structure R, r 0 γ is the contact distance in either the reference inactive or active conformation depending if γ is a contact specific to the former or the latter conformation, w γ is the weight of the contact and is set to 1 for regular contacts and 3 for salt bridges, N is a normalization constant, n = 6, and m = 10. The set of contacts Γ defining the contact map is defined in SI Text. The widths of the Gaussians in the three CV dimensions are σ 1 = 0.015 nm and σ 2;3 = 0.0083. Note that CV2 and CV3 are adimensional.
Convergence and Self-Correcting Properties of PT-metaD. The simulations are run until the free energy in the bidimensional projections and in the monodimensional projections does not change more than 2 kcal/mol in the last 100 ns. This convergence criterion led to 680 ns long simulations for WT-EGFR and T790M-L858R and to 610 ns long simulations for L858R and T790M. To further check the convergence of the reconstructed free energy landscapes and to illustrate the self-correcting properties of PT-metaD calculations we performed two sets of calculations. Starting with a "wrong" free energy surface (the unconverged FES obtained for the WT kinase after 300ns) we run further 500ns of PT-metaD on the L858R and on the new L858I mutant (the total sampling time for each simulation was 3 μs). As shown in Fig. S5 , the two free energy surfaces rapidly converge to the original FES, in the case of the L858R mutant and to a FES similar to that of the WT, in the case of the L858I mutant.
Analysis. The free energy surfaces are obtained by integrating the deposited bias during the simulation, as required by the metadynamics algorithm. For convenience, they are shown as a function of two CVs at a time (CV1, CV2) and (CV2, CV3) in the Supplementary Materials. To obtain a representative structure of each free energy basin, a clustering of the set of structures falling within a small (CV1, CV2) patch surrounding each basin has been performed. The single-linkage clustering algorithm of g_cluster program from the GROMACS package has been used with the RMSD on the CA atoms as the distance with a cutoff of 0.2 nm. In the most populated cluster of each basin, the central structure, i.e., the structure with smallest distance to all of the other members of the cluster, has been picked as representative of the basin.
